Abstract. microRNAs (miRNAs) are small non-coding RNAs with important post-transcriptional regulatory functions. miRNA-21 (miR-21) is upregulated and miR-143 and miR-145 are downregulated in colorectal carcinoma.
Introduction
Preoperative treatment of advanced rectal cancer with neoadjuvant combined chemoradiotherapy has become a widely accepted therapy strategy (1) . Compared with postoperative treatment, preoperative chemoradiotherapy is associated with improved local control and reduced toxicity (2) . Histopathological evaluation of tumor regression in the surgical specimen after preoperative chemoradiotherapy is believed to be an objective parameter and allows the identification of patients, who have minor or major benefit from multimodal therapy (3) . However, only a subgroup of patients treated with preoperative chemoradiotherapy respond to treatment. Another subgroup are non-responders, who do not benefit and should be treated differently. Thus, one major issue is the implication of predictive molecular factors determining histopathological response to treatment (4) . microRNAs (miRNAs) are small non-coding RNAs that function as post-transcriptional regulators of gene expression in eukaryotic organisms (5) (6) (7) . miRNAs have important regulatory functions in biological processes as development, cellular differentiation, proliferation and apoptosis (8) . Dysregulation of miRNAs can influence carcinogenesis if their miRNA targets are encoded by tumor suppressor genes or oncogenes (9) . Altered miRNA expression has been reported in various cancers, and the profiles of miRNAs exhibit great potential for an application in cancer definition (10) (11) (12) . Although the precise biological role of all miRNAs has not been entirely elucidated, it has been found that each miRNA can regulate the expression of hundreds of target genes (13) .
In colorectal cancer (CRC), many proteins involved in key signalling pathways are dysregulated and seem to be affected by miRNA regulation (14, 15) . Extracellular matrix regulators and epithelial-mesenchymal transition transcription factors are also altered and affected by miRNAs. Among other miRNAs, (10) . miR-145 is a miRNA which has repeatedly been reported to be downregulated in CRC and playing a pivotal role as a tumor suppressor (16) (17) (18) . Findings in a study of La Rocca et al indicated that miR-145 has tumor suppressor activity which depends in large part on its ability to downregulate insulin receptor substrate-1 (IRs-1) which plays an important role in cell growth and proliferation (19) .
Substantial data indicate that miR-21 which is significantly upregulated in CRC has an important function in the pathogenesis of CRC as it shows also an inverse correlation with survival (20). miR-21 strongly represses the tumor-suppressor gene PTEN which is an important regulatory component of the phosphatidylinositol-3-kinase (PI-3-K) pathway. suppression of PTEN controlled by miR-21 is associated with augmentation of PI-3-K signalling and progression of CRC. besides miR-21 is known to regulate multiple genes associated with cellular motility and extracellular matrix remodelling. It was demonstrated that miR-21 acts on tumor suppressor gene PDCD4 and plays a role as negative regulator of intravasation through the invasion-related urokinase receptor gene (uPAR) (17, 21, 22) .
There is evidence that some miRNAs change their levels in reaction to chemotherapeutic agents. Changes in the expression of miRNAs caused by chemotherapeutic agents such as 5-Fluorouracil (5-FU) were described using in vitro cell line systems of human colon cancer cells (23, 24) . However, cell line-based studies do not always correlate well with results from tumor tissue and there are only few studies that have examined the effects of chemotherapeutic agents on miRNA expression in CRC in vivo (25, 26) . Therefore, investigations on the possible influence afforded by drug treatment on miRNA expression patterns appear to be of primary interest (23) .
In the present study, we compared the expression levels of miR-21, -143 and -145 in rectal cancer before and after chemoradiotherapy to detect possible therapy-induced changes in miRNA expression. We also determined whether there is an association between the modification of miRNA expression by chemoradiotherapy, tumor regression and clinical outcome.
Material and methods
Patients. Forty patients with locally advanced rectal cancer who were treated between 1999 and 2007 in the Department of General, Visceral-and Cancer surgery of the University Hospital Cologne were included in this study. Tissue was collected from the files of the Institute of Pathology of the University of Cologne. Of the 40 patients, 24 were male and 16 were female. The median age was 60.8 years (range 35-79). None of the patients received prior radiochemotherapy and/or chemotherapy. The patients with clinical advanced rectal cancer (uT3/ 4Nx) were treated with neoadjuvant chemoradiotherapy with 5-FU and 50.4 Gy followed by surgical resection. Clinical cTNM stage (preceding a therapy) was based on the endorectal ultrasonography, CT and colonoscopy. Restaging was done 2-3 weeks following completion of radiochemotherapy, and surgical therapy was performed in all study patients. The scientific protocol was approved by the local Ethics Committee.
Pathologic review of pre-therapeutic tumor biopsies. Tumor biopsies that had been obtained endoscopically during pre-therapeutic staging procedures were retrieved from the files of the Institute of Pathology at the University Hospital of Cologne. Histological slides of the biopsy specimens were stained with hematoxylin and eosin to determine tumor type and tumor grade according to WHO classification.
Histomorphologic grading of tumor regression.
Residual tumors were fixed with formaldehyde (4%) for 24 h. The complete tumor area was embedded in paraffin blocks and investigated histologically. serial sections were cut from each block and stained with hematoxylin and eosin. Histomorphologic assessment of tumor regression was performed by an objective histopathologic examination by a staff pathologist who was blinded for all other clinical data performed in this analysis (U.D.). The percentage of viable residual tumor cells was estimated, and patients were allocated to one of the following groups as previously described (27) Tissue preparation and macrodissection. From each patient formalin-fixed and paraffin-embedded samples of pretherapeutic biopsy and post-therapeutic tissue of the tumor area and of normal rectal mucosa were prepared. six sections of 7.5 µm thickness were cut, mounted on glas slides and used for macro-dissection. Macrodissection was performed as previously described (28) .
RNA isolation. Formalin-fixed and paraffin-embedded samples were deparaffinized in xylene by incubation at 65˚C for a total of 20 min, xylene being substituted twice. After two washes with 100% ethanol, samples were lysed in 500 µg/ml proteinase K in 50 ml TRIs, 5 ml EDTA (Invitrogen, Karlsruhe, Germany). Total RNA was extracted by phenol/ chloroform and subsequently precipitated in 200 mM sodium acetate and ispopropanol as described previously (28) . To ensure complete removal of genomic DNA, RNA samples were treated for 30 min with 30 U desoxyribonuclease (Roche, Mannheim, Germany) at 37˚C.
Reverse-transcription and real-time polymerase chain reaction (PCR).
Extracts of total RNA were measured with the ND-1000 NanoDrop spectrophotometer (NanoDrop, Wilmington, UsA). microRNA was analyzed by a two-step real-time PCR (RT-PCR) using the miscript-reverse transcription kit and the miRNA sYbR-Green PCR kit purchased from Qiagen (Hilden, Germany). The first step includes total RNA polyadenylation and reverse transcription, then followed by RT-PCR. Primers used for cDNA synthesis and RT-PCR were purchased from the GeneGlobe search Center (Qiagen). All steps were performed in triplicates following the supplier's guidelines. Absolute mRNA quantification was carried out using a standard curve and RNU6 for normalisation.
Statistical evaluation. Data analysis: All data of miRNA were checked for normal distribution. The Friedman-test was used to determine the significance of differences between paired data sets (pre-therapeutic biopsy, tumor of the surgical specimen, normal tissue post-therapeutic). Receiver, operator curve (ROC) with 95% confidence interval was applied to find out an optimal cut-off value for prediction of response. Frequencies of categorical variables, the median, with the lower (LQ) and upper (UQ) quartiles, or minimum and maximum, were used for descriptive statistics. Differences in patient, tumor and treatment characteristics were assessed using the Mann-Whitney test for continuous variables and the Chi-square test or Fisher's exact test for categorical variables with a significance level of p<0.05.
The median follow-up time of the surviving patients was 4.4 years (range 2.2-6.4 years). Kaplan-Meier plots were used to depict survival distribution. The log-rank test was used to evaluate for survival differences. All statistical analyses were performed using the statistic program sPss for Windows version 18.0. For graphic presentation of the survival curves, MedCalc version 9.3 was used.
Results
Expression levels of miRNAs. In each case miRNA epression levels were analyzed in tumor tissue before and after neoadjuvant chemoradiotherapy and in normal rectal tissue of the surgical specimen after therapy.
Expression levels of miR-21. The highest level of miR-21 was found in the pre-therapeutic cancer tissue of the biopsy (median 0.29, min 0, max 2.25) followed by normal tissue (median 0.24, min 0, max. 2.03) and post-therapeutic cancer tissue (median 0.14, min 0, max. 1.43). The differences were not statistically significant (p=0.968 pre-therapeutic versus posttherapeutic tumor tissue) (Fig. 1A) .
Post-therapeutic expression levels of miR-21 in tumor tissue
and correlation with tumor response. Compared to pretherapeutic biopsy samples miR-21 was downregulated after treatment in tumor tissue. In view of tumor regression, there was the lowest expression level of post-therapeutic intratumoral miR-21 (0.120) in grade 1 patients (n=11), followed by grade 2 patients (n=15) (0.270), grade 3 patients (n=10) (0.29) and grade 4 patients (n=4) (0.378). The differences in miR-21 expression levels were not significant (p=0.657) (Fig. 1B) .
Expression levels of miR-143. The lowest level of miR-143 was found in pre-therapeutic cancer tissue (median 0.006, min 0, max 0.9) followed by post-therapeutic cancer tissue (median 0.666, min 0.001, max 7.2) and normal tissue (median 0.666, min 0.001, max 9.9). The difference between pretherapeutic and post-herapeutic miR-143 levels in tumor tissue were statistically significant (p<0.0001) (Fig. 2A) .
Post-therapeutic expression levels of miR-143 in tumor tissue
and correlation with tumor response. Compa red to pre-therapeutic biopsy samples miR-143 was upregulated after treatment in tumor tissue. In view of tumor regression, the epression levels of post-therapeutic intratumoral miR-143 were as follows: regression grade 1 (n=11) 0.66, regression grade 2 (n=15) 0.35, regression grade 3 (n=10) 0.91, and regression grade 4 (n=4) 0.70. The differences in miR-143 expression levels were not significant (p=0.895).
Post-therapeutic expression levels of miR-143 and correlation
with overall survival. Analysis of the correlation between post-therapeutic miR-143 expression and survival showed a trend of longer survival in patients with higher miR-143 expression (cut-off value of 1). This trend was not statistically significant (p=0.231) (Fig. 2B) .
Expression levels of miR-145. The lowest level of miR-145 was found in pre-treatment cancer tissue (median 0.007, min 0, max 0.564) followed by post-therapeutic tumor tissue (median 0.147, min 0, max 1.533) and normal post-therapeutic tissue (median 0.320, min 0.015, max 7.34). The difference between pre-therapeutic and post-therapeutic miR-145 levels were statistically significant (p<0.001) (Fig. 3) .
Post-therapeutic expression levels of miR-145 in tumor tissue and correlation with tumor response.
Compared to pre-therapeutic biopsy samples miR-145 was upregulated after treatment in tumor tissue. In view of tumor regression, the highest expression level of miR-145 (0.436) was found in patients with regression score 3 (n=10) followed by patients with regression score 2 (n=15) (0.264) and patients with regression score 4 (n=4) (0.114). The lowest expression level (0.048) was found in patients with regression score 1 (n=11) (p=0.044).
Analysis of the correlation between levels of miR-145 expression and dichotomized tumor regression in minor response (score 1 and 2) and major response (score 3 and 4) showed a trend torwards major response and higher miR-145 expression levels (Fig. 4) .
Pre-therapeutic expression levels of miR-145 and correlation with tumor response.
In view of tumor regression the highest level of pre-therapeutic miR-145 was found in grade 3 tumor regression followed by grades 2, 1 and 4. Analysis of the correlation between pre-therapeutic miR-145 expression and tumor response showed a correlation between major response and higher miR-145 expression at a cut-off value of 0.004 (Fig. 5) .
Post-therapeutic miR-145 expression level and prognosis.
Analysis of the correlation between prognosis and dichotomized post-therapeutic miR-145 expression showed a trend of longer survival of patients with miR-145 expression >0.1 (n=35) versus <0.1 (n=15). This trend was not statistically significant (p=0.244) (Fig. 6) . In CRC, there is still a need to identify new prognostic markers and therapeutic targets. Overexpression and downregulation of specific miRNAs has been described in this disease (20,23) and it has become evident that miRNAs are widely involved in the initiation and progression of CRC. According to this consideration, it is tempting to speculate that pharmacodynamic mechanisms of antineoplastic agents could rely on their influence on miRNA expression. so far, there are only few studies addressing the question of the association of therapy response and miRNA expression (20). Nakajima et al identified let-7g and miR-181b as significant indicators for chemoresponse to 5-FU-based chemotherapy (26). Rossi et al reported a suggestive pattern of miRNA rearrangement in HT-29 and HCT-116 human colon cancer cell lines after exposure to 5-FU. In their study the drug upregulated or downregulated in vitro the expression of 19 and 3 miRNAs, respectively (23) . Another study by svoboda et al evaluated changes in miRNA expression profiles as a response to therapy by comparing pre-therapeutic tissue with biopsies taken two weeks after the beginning of capecitabine-based chemoradiotherapy (25) . According to their results, many miRNAs responded to therapy, however only miR-125b and miR-137 showed significant increase in expression levels. Thus, more studies are needed to examine the effects of neoadjuvant chemoradiotherapy on miRNA expression, in order to analyse their putative role as biomarkers for prognosis and therapy response prediction in CRC.
In our study, we investigated the effect of neoadjuvant chemoradiotherapy with 5-FU and 50.4 Gy in cases of locally advanced rectal cancer on the expression levels of three different miRNAs, which are known to play critical roles to CRC. We investigated miR-21, which functions as an oncogene and miR-143 and miR-145 which were shown to act as tumor suppressors in CRC (9, 29) , comparing expression levels of miRNAs in tumor tissue before and after treatment. The molecular mechanisms of 5-FU cytotoxicity have been characterized. 5-FU has the ability to incorporate into RNA and DNA and to inhibit thymidylate synthase. It has been shown that 5-FU modulates miRNA expression in colon cancer cells (23) .
According to recent knowledge, miR-21 is expressed at high levels in most solid tumors, including CRC. Overexpression of miR-21 acts as an anti-apoptotic factor (10) and inhibition of miR-21 inhibits cell growth in vitro and inhibits tumor growth in xenograft mouse models through an indirect down-regulation of the anti-apoptotic factor b-cell lymphoma 2 (bcl-2) (30). The tumor suppressor Pdcd4 is negatively regulated by miR-21 at the post-transcriptional level and miR-21 induces invasion/intra-vasation and metastasis in colorectal cancer cells (21, 31) . miR-21 also acts as an activator of tumor cell proliferation (21) . In our study, there was a trend towards higher expression levels of miR-21 in pre-therapeutic tumor tissue compared to post-therapeutic tumor tissue and normal adjacent tissue. Rossi et al illustrated for the first time that 5-FU induces changes of the miRNA expression profile in colon cancer cells. In their study, comparison of the miRNA gene expression revealed a rearrangement of a remarkable number of miRNAs after 5-FU treatment, and miRNA-21 is downregulated in colon cancer cell lines after treatment with 5-FU (23) . Analogous to their results we also observed downregulation of miR-21 in the tumor tissue after treatment. svoboda et al investigated the involvement of miRNAs in response to chemoradiotherapy comparing tumor biopsies of rectal cancer before and 2 weeks after starting anticancer treatment. In their study, they found for miR-21 in a pilot experiment of 6 patients a profound intertumoral variability and different exhibition of treatment responses (25) . We could not find a statistically significant correlation between pre-and post-therapeutic miR-21 expression and response to treatment or prognosis. In contrast to our results, schetter et al reported a significant correlation of high pre-therapeutic miR-21 expression levels and poor therapeutic outcome (32) . However, they investigated adjuvant treated adenocarcinomas of the colon and investigated post-therapeutic tumor tissue and normal adjacent tissue which was collected after surgery. miR-143 is known to be downregulated in colorectal cancer suggesting that it acts as a tumor-suppressor miRNA (15) . Consistent with this, in our study we found that compared to post-therapeutic cancer tissue and normal adjacent tissue, miR-143 expression levels were significantly lower in pretherapeutic cancer tissue. Thus, miR-143 in response to chemoradiotherapy was upregulated. Nakajima et al investigated 46 colorectal adenocarcinomas and did not observe downregulation of miR-143 in tumor tissue compared to normal tissue. This controversy is discussed as a putative effect of genetic differences between Japanese and European patients (26) . So far, little is known about the modification of miR-143 in the course of anticancer therapy. The relationship between 5-FU and miRNAs, their potential interactions and their relevance for drug efficacy have not been extensively studied. borralho et al investigated the biological role of miR-143 in human colorectal cancer cells and found antiproliferative and proapoptotic roles for miR-143 in colon cancer. In addition to these findings, an increased sensitivity to 5-FU in human colorectal cancer cells was seen in association with an over-expression of miR-143 (24) . In our study, the enhancing effect of the anticancer treatment by chemoradiotherapy on miR-143 expression seems to be in line with the antitumor properties of the treatment. Furthermore, we found a significant association between dichotomized post-therapeutic intratumoral miR-143 expression and survival probability.
In line with the tumor suppressive activity of the chemoradiotherapy of particular interest is our observation that also the expression level of miR-145 was upregulated in cancer tissue after treatment. Compared to normal tissue the pretherapeutic tumor tissue showed downregulation of miR-145 which is in line with Michael et al who described downregulation of miR-145 in CRC compared to normal tissue (15) . In contrast to this finding, Nakajima et al could not find a decrease of miR-145 in CRC compared to normal tissue (26) . However, the mechanism of post-therapeutic upregulation of miR-145 which we observed in our study remains elusive. To establish the direct link of miR-145 and chemotherapy response requires future studies in order to analyse the detailed molecular and cellular mechanisms. The association of miR-145 expression and grade of regression as well as survival probability strengthens the hypothesis of a putative role of miR-145 as a response-predicting and prognostic marker in the course of neoadjuvant treated CRC.
In conclusion, the results of this study confirm the findings of previous studies, that the use of neoadjuvant chemoradiotherapy can modify the expression profile of miRNAs in tumor tissue. The downregulation of the oncomir miR-21 and the upregulation of the tumor suppressor miR-143 and miR-145 in post-therapeutic tumor tissue stand in line with the antitumor properties of the therapy. The correlation of intratumoral post-therapeutic miR-143 expression and survival probability underlines the importance of miRNAs as prognostic biomarkers. The results could have significant clinical implications because they provide associations of miRNAs with neoadjuvant therapy, tumor regression and survival probability and strengthen the role of miRNAs as predictive molecular factors determining response to treatment and prognosis in CRC.
